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Abstract—We constructed a two-directional continuous-wave
(CW) terahertz (THz) wave generation system with laser diode
pumping. The generation method is based on difference frequency
generation (DFG) of two near-infrared (NIR) lasers by excitation
of phonon polaritons in a GaP crystal. The two NIR lasers for
DFG are amplified simultaneously using one ytterbium-doped
fiber amplifier (FA). Efficient beam overlapping of the NIR lasers
was achieved on the GaP crystal surface. This system consists of
a simple optical design with a single FA. Narrow linewidth CW
THz waves, which are generated in two directions, can be applied
to high-resolution spectroscopy.
Index Terms—Continuous-wave (CW), fiber amplifier (FA),
GaP, phase matching, terahertz (THz).
I. INTRODUCTION
T HE electromagnetic region of 0.1–10 THz has not beenfully utilized to date because of the lack of compact,
efficient, and frequency-tunable sources operating at room
temperature. Many terahertz (THz) sources recently have been
developed based on femtosecond pulsed lasers [1]. Pulsed THz
waves have a broad linewidth, which is affected by the Fourier
limit, of several gigahertz order, while continuous-wave (CW)
THz waves have received attention because of their number
of spectroscopic applications [2]. The potential applications
of CW THz waves include high-resolution THz spectroscopy,
multichannel telecommunications, and imaging technologies.
Notwithstanding, only a few CW THz sources have been
developed [3]–[9] for which quantum cascade lasers show
better performance [3], [4]. To date, only free electron lasers
can generate widely tunable CW THz waves with several tens
to hundreds of watts of output power, but the systems are
huge and expensive: their practical applications are limited to
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basic scientific fields. The development of compact, tunable,
high-power CW THz sources operated at room temperature
is necessary for THz spectroscopic imaging technologies.
Pumping with narrow-linewidth diode lasers in nonlinear
optical method of difference frequency generation (DFG) can
generate narrow-linewidth CW THz waves.
In 1963, Nishizawa proposed the generation of THz waves
via resonance of phonons in compound semiconductors [10],
[11], following the realization of a GaP Raman laser [12]. An
THz wave with a frequency of 12.1 THz was generated from
GaAs pumped by the GaP Raman laser at 3 W [13]. To date,
authors group has generated wide frequency-tunable THz waves
from GaP with -switched pulse pumping under noncollinear
phase-matched (PM) condition [14], [15].
We have generated the CW THz waves from GaP using a
fiber amplifier (FA) to amplify a single near-infrared (NIR) laser
[16]. The other NIR laser was not amplified using an FA, and its
beam shape was not circular. Consequently, the spatial overlap
of the signal and pump beams was not efficient because of the
circular and elliptical nature of the two beams. Moreover, two
different sizes of lenses were used to focus the two beams onto
the GaP surface. This is another reason for limitation of the
spatial overlap efficiency. Using a cylindrical lens, we can im-
prove the spatial overlap efficiency, but the system becomes
complex. Compact THz wave sources are necessary for prac-
tical applications. For example, it is reported that fiber pumped
compact THz sources have been developed based on DFG in
ZnGeP [17] and GaSe [18], respectively. The motivation of this
study is to construct a simple optical system that is suitable for
high-resolution THz wave spectroscopy in practical uses. In this
study, we demonstrated a CW THz source consisting of only one
FA to amplify the output power of the two NIR lasers simulta-
neously. The merits of the THz wave generator are its simple
optical system and two-directional CW THz wave generation
with a narrow linewidth. Additionally, both NIR beams after the
FA are almost circular, leading to a perfect spatial overlap at the
GaP surface.
II. DESIGN OF THz SYSTEM USING A SINGLE FA
The CW THz generation system is as presented in Fig. 1.
An external cavity laser diode (ECLD) and a laser diode (LD)
pumped Nd : YAG laser are used, respectively. The ECLD
wavelength is tunable from 1012 to 1080 nm with a linewidth
of 2 MHz. The LD-pumped Nd : YAG laser is operated at
1064.7-nm wavelength. The total output power of the two
1041-1135/$25.00 © 2009 IEEE
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Fig. 1. (a) Experimental setup for CW THz wave generation. (b) Internal phase
matching diagram. (c) Linewidth measurement of NIR lasers using Fabry–Pérot
etalon (i)      nm and     (ii)      nm and    .
lasers is amplified to 3 W using a polarization-maintained
(PM) ytterbium-doped single FA. The two laser beams have the
same polarization direction. Using a nonpolarizing cubic beam
splitter, the two beams are aligned parallel to the slow-axis of
the input fiber. The FA output beam is also polarized horizon-
tally to the slow-axis. The amplified beam spot is collimated
to 2.1 mm in diameter with a circular shape; then it is focused
at the GaP surface to 500- m diameter using a single lens
of 500-mm focal length. Behind the lens, a polarizing beam
splitter (PBS) is placed to split the amplified beam into two
directions. Each separated beam from PBS consists of both
wavelengths of ECLD and Nd : YAG laser. The respective
linewidths of the two lasers are measured to be 2.14 and
13.3 MHz using a scanning Fabry–Pérot interferometer in a
confocal configuration, as shown in Fig. 1(c). A small angle
between the two beams is necessary for DFG to satisfy the
noncollinear PM condition [14], [15]. Thus, the separated
beams are combined using a cubic polarizer that is mounted
on the linear and rotating stage. An efficient spatial overlap
of NIR laser beams is maintained on the GaP crystal surface.
The GaP is cut into a rectangular shape of 10 mm length in the
direction and 3-mm thickness in the direction with
input surfaces that had been previously antireflection coated.
Fig. 2 depicts the spatial overlap of the two lasers on the GaP
input surface. The combined beam diameter is measured as
about 500 m using a beam profiler with a spatial resolution
of 10 m. The generated CW THz waves are collected using a
polyethylene lens and detected using a Si Bolometer cooled to
4.2 K. The THz signal is measured using a lock-in-amplifier.
III. SINGLE FA PUMPED THz WAVE GENERATION
The ECLD and the LD-pumped Nd : YAG laser are operated
at wavelengths of 1055.66 and 1064.7 nm, respectively. The
difference frequency is 2.41 THz. The respective polarizations
of the pump and signal beams are in the and di-
rections. Fig. 3 shows the relation between the CW THz output
power and the PM angle. Fig. 1(b) shows that the noncollinear
PM angle condition is satisfied for each set of wavelengths.
The CW THz waves are generated simultaneously in two
Fig. 2. Beam profile of the two NIR lasers on the GaP surface: (a) 3-D view;
(b) top view.
Fig. 3. PM angle dependence of THz power at 2.41 THz.
directions. In our experiment, the Si bolometer is placed in only
one direction to detect a generated THz wave. Because the PM
angle varies in a wide range from negative to positive angles,
CW THz waves are generated at the PM angles of 19.8 and
19.8 min, as depicted in Fig. 3. The results indicate a different
THz power at the two PM angles because they are emitted at
a different angle from the GaP surface. The emitted THz wave
angle is different for each PM angle condition, as is evident
from the internal PM diagram presented in Fig. 1(b). Here, the
Si bolometer position is fixed. The PM angle versus the THz
frequency agrees with the value derived from the dispersion
curve of the phonon polariton branch of GaP at 1- m pumping
[14], [15]. At present, the CW THz average power is of sub-
nanowatt order. The peak power from GaP with pulse pumping
at 1 m is 100 mW, corresponding to an average power of
6 nW [15], [16]. The CW THz wave power can be enhanced
by decreasing the beam overlap using waveguide effect and
employing a longer GaP crystal with lower carrier density.
The tuning wavelength of the ECLD can generate very wide
frequency tunable CW THz waves. The mode-hop free tuning
range of the ECLD is limited to 5–15 GHz. Using a distributed
feedback (DFB) laser, mode-hop free tuning as wide as 1 THz
is obtainable. Wide-frequency-tunable CW THz waves can be
generated with narrow linewidth of 4 MHz if we use ECLD
and DFB lasers as pump sources.
In this work, the linewidth of the generated THz wave is es-
timated as 15 MHz. Consequently, the frequency quality factor
of THz wave is as high as . The advantages of our
system are that the generated CW THz waves have a narrow
linewidth of 15 MHz. In addition, an efficient spatial overlap
of NIR laser beams is achieved with a single FA and one fo-
cusing lens. Moreover, this is a unique system in which CW THz
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waves are generated simultaneously in two directions. This is
very useful in spectroscopic applications because one THz wave
is thereby useful as a reference; the other THz wave can be used
for investigating the sample. A two-port type Si bolometer is
very suitable for this system to detect the two generated THz
waves simultaneously.
IV. CONCLUSION
A simple THz wave generation system was realized using
a single FA with a laser-diode-excited GaP DFG configura-
tion. Frequency-tunable CW THz waves can be generated by
tuning the wavelength of the ECLD. A two-directional narrow
linewidth CW THz wave generation system is realized with a
simple optical system. This system is useful for high-resolution
spectroscopic applications in a double beam configuration
without half-plate of silicon.
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